In this letter we show that there is a unique non-minimal derivative coupling of the Standard Model Higgs boson to gravity such that: it propagates no more degrees of freedom than General Relativity sourced by a scalar field, reproduces a successful inflating background within the Standard Model Higgs parameters and, finally, does not suffer from dangerous quantum corrections.
INTRODUCTION
The latest cosmological data [1] agree impressively well with the assumption that our Universe is, at large scales, homogeneous, isotropic and spatially flat, i.e., that it is well described by a Friedmann-Robertson-Walker (FRW) spatially flat geometry. This observation is however a theoretical puzzle. A flat FRW Universe is in fact an extremely fine tuned solution of Einstein equations [2] . In the last twenty years or so many attempts have been put forward to solve this puzzle (see for example [3] ). However, the most developed and yet simple idea still remains Inflation [4] . Inflation solves homogeneity, isotropy and flatness problems in one go just by postulating a rapid expansion of the early time Universe post Big Bang.
A phenomenological way to achieve Inflation has been pioneered by considering a "slow rolling" scalar field [5] with canonical or even non-canonical kinetic term [6] and lately by non-minimally coupled p-forms [7, 8] . Nevertheless, a fundamental realization of Inflation is still eluding us.
The most economical and yet fundamental candidate for the Inflaton is the Standard Model Higgs boson. Unfortunately though, the Standard Model parameters are such that no "slow rolling" Inflation is possible with the Higgs boson, if minimally coupled to gravity [5] . To save the Higgs boson as an Inflaton candidate, in [9] has been postulated a non minimal coupling of the Higgs field to gravity. However, during Inflation, the unitarity bound of the theory seems to be violated by nonrenormalizable operators emerging from the non-minimal coupling [10, 11] (see also [12] for a debate on these results). If instead gravity is non-minimally coupled to derivatives of the scalar field, as shown in this letter, the unitarity bound is not exceeded during Inflation. Then, since the range of parameters in which inflationary attractors exist is greatly expanded in non-minimally derivative coupled scalar field theories [13] , there are hopes to define a framework in which the Higgs boson would act as the primordial Inflaton.
In this letter, we show that the unique non-minimally derivative coupled Lagrangian of the Higgs boson to gravity, propagating no more degrees of freedom than General Relativity sourced by a scalar field, reproduces a successful inflating background within the Standard Model Higgs parameters without unitarity bound violations.
HIGGS BOSON AS INFLATON: A NO-GO RESULT
The tree-level Standard Model Lagrangian for the Higgs boson minimally coupled to gravity is
where R is the Ricci scalar, κ the gravitational coupling, H the Higgs boson doublet, D µ the covariant derivative with respect to SU (2)×U (1) and finally v is the vev of the Higgs in the broken phase of the Standard Model. In the spirit of chaotic Inflation [5] , we will assume that during Inflation no interactions with gauge fields are turned on and that the Higgs field is "large" with respect to its vev. With these assumptions we can work with the simpler action
where for simplicity we introduced a real scalar field Φ instead of the complex doublet H [20] .
To study a FRW solution of this system, we can directly insert into the action the following metric ansatz
The only independent Einstein equation, with FRW symmetries, is then recovered by considering the Hamiltonian constraint obtained by varying the action with respect to the lapse N and then setting it to 1 by time reparameterization invariance [14] . The field equation for Φ corresponds instead to the variation of (1) with respect to Φ.
Plugging (2) into (1) we have the following action per unit three-volume
where H ≡ȧ a is the Hubble constant and (˙) = d dt . The Hamiltonian constraint and field equation are
so that
In order to obtain an exponential (de Sitter) expansion of the Universe we need that
where the last equality has been obtained by considering (5, 6) . The slow roll condition (7), requires the field Φ to be much larger than the Planck scale. This justify our initial assumption to neglect the vev v.
A second condition is a compatibility condition. By combining (5, 6) we get the following (slightly weaker) necessary condition for Φ satisfying (4): Φ ≫ 2 κ . Up to this point it seems that the Higgs model for Inflation would perfectly work. However, this is, unfortunately, not the case. The framework of Inflation is in fact semiclassical gravity, i.e., we can trust the effective inflationary description if and only if curvatures are much smaller than the Planck scales. If this is not the case quantum gravity corrections would play a major role.
During Inflation the curvature scale is proportional to H 2 . A sufficient condition to avoid quantum gravity during slow roll is therefore R ≃ 12H 2 ≪ 1 2κ 2 . This implies, by using (5), Φ 4 ≪ 1/(2λκ 4 ). Combining the previous result with (7), we get λ ≪ 10 −2 [5] . However, the current experimental bounds coming from direct Higgs boson searches as well as from global fit to electroweak precision data, favors a value of λ in the range 0.11 < λ 0.27 [15] , which is obviously incompatible with slow roll Inflation.
LOWERING THE ENERGY SCALE DURING INFLATION: EARLIER ATTEMPTS
Consider the following non-minimally coupled action [9] 
where ξ is a parameter. By a conformal transformationg µν = Ω 2 g µν , where
, we can study the system in the Einstein frame. During slow roll (i.e. neglecting terms iṅ Φ andḢ), if κ 2 ξΦ 2 ≫ 1, the rescaled action is approximately
Here we used the canonically normalized fieldΦ = ln Φ/(κ √ ξ) andRk 2 ≃ λξ −2 ≪ 1. In this case then, with the phenomenological value for ξ ∼ 10 4 [9] , it seems that Inflation might be obtained within the Standard Model value for λ without reaching the quantum gravity regime. However, although quantum gravity is not reached, the unitarity bound of the theory is violated. This can easily be seen by going back to the original Jordan frame (8) . In this case (5) is modified as R ≃ 12H 2 ≃ λΦ 2 0 ξ −1 , where Φ 0 is the scalar field value during inflation.
We may now expand the graviton and the Higgs as Φ = Φ 0 + ϕ and
h µν , where γ µν is the background metric during the inflationary phase. The unusual normalization of the graviton h µν is to canonically normalize its kinetic term in (8) . Indeed, during Inflation, in the regime under consideration (κ 2 ξΦ 2 ≫ 1), the non-minimal coupling ξΦ 2 R dominates over the standard Einstein R/κ 2 term. From this expansion we get the non-renormalizable operator
the unitarity violation scale of the theory to be Λ = Φ0 √ ξ (for example, by considering the 2ϕ → 2ϕ scattering amplitude [10, 11] ). Imposing that the inflationary energy scale is much below the energy Λ, we get the constraint λ ≪ 1. With the Standard model value of λ, the energy scale of the inflationary background is so close to the unitarity bound to challenge the robustness of the Inflationary background against quantum corrections.
A NEW PROPOSAL FOR THE HIGGS INFLATION
The insertion of the non-minimal coupling Φ 2 R in (1), does not introduce extra degrees of freedom as it does not contain higher than two time derivatives. This is however not the only possible non-minimal coupling with this property. In the following, we will show that there is another, unique, non-minimal derivative coupling of the scalar field to gravity propagating no more degrees of freedom than the theory (1).
Higher curvatures or curvature derivative coupling automatically introduce new degrees of freedom. We will therefore only study the following tree-level action
In (9), G µν = R µν − R 2 g µν is the Einstein tensor, w, ζ inverse mass scales and the positive sign +w 2 avoids ghosts propagations. These scalar field interactions to gravity were already considered in the past for early time cosmology. Linear curvatures interactions where studied in [13, 16] and non linear in [8] . Moreover, the cosmology of a non-minimally coupled Einstein-Yang-Mills-Higgs theory around the Higgs vev, with a cosmological constant, has been studied in [17] .
In the ADM formalism [14] , we can generically decompose the metric as
All geometry is thus described by defining a spatial covariant derivative D i a three-dimensional curvature (3) R (both constructed on h ij ) and finally an extrinsic cur-
is then only related to the extrinsic curvature. In General Relativity minimally coupled to a scalar field, in the gauge in which Φ propagates, N is not propagating.
In (9), there is only one term containing higher than two time derivatives, i.e.,
Clearly, this term increases the number of degrees of freedom of the theory (9), with respect to General Relativity, by making N a propagating degree of freedom. To cancel this term one should then take ζ = 0. Note that this conclusion is independent on the foliation (10) chosen. As a result, the unique non-minimally derivative coupled Higgs theory to gravity, propagating no more degrees of freedom than General Relativity minimally coupled to a scalar field is
This is the tree-level theory we will discuss in the following. En passant, we note that the non-minimal coupling (11) appears in heterotic String Theory for the universal Dilaton [18] . It is easy to see that the non-minimal coupling in (11) may lower the effective self coupling of the Higgs boson. In a FRW background we have that G tt ∼ H 2 . Suppose wH ≫ 1, w ≫ κ and that the quantum gravity bound is not exceeded, i.e., 12H 2 ≪ 1/(2κ 2 ). During slow roll (H ≃ const.) we can roughly approximate the action (11) as (we will be more precise later on)
where the canonically normalized fieldΦ ∼ 1 wH Φ has been used. In this case, the effective self coupling constant isλ ∼ 1 w 4 H 4 λ ≪ λ. We may also check if unitarity bounds are violated in this case. For this specific coupling the Hubble equation (5) during Inflation is not modified. However the canonical normalization of the scalar field Φ is. Like before let us again expand around an inflating background. The Higgs and the graviton expands as Φ = Φ 0 + 1 √ 3 w H ϕ, g µν = γ µν + κ h µν . The factor in front of ϕ canonically normalize it in the case we are considering, i.e., wH ≫ 1.
The first non-renormalizable operator appearing on the expansion of the action (11) is now
with the (time dependent) unitarity bound Λ(H) ≃ (2H 2 /κ) 1/3 . By requiring that R ≪ Λ(H) 2 , we get H ≪ 1/κ. Our postulated coupling is therefore free of unitarity problems during Inflation (assuming that quantum corrections to our tree-level action are suppressed by the scale Λ(H)). One can also easily show that the same happens after Inflation, i.e., the unitarity bound is never violated.
Slow roll Higgs Inflation
We can now discuss the cosmological solution of the theory (11) . We use again the metric ansatz (2) in (11) obtaining the following action per unit three-volume
The Hamiltonian constraint and field equation are
We will ask the solution to obey the following inequalities
where the last two are the usual slow roll conditions. Of course (13) must be cross checked afterwords.
With (13) we find
andΦ + 3HΦ = −4/(w 2 κ 2 Φ). By considering the extra slow roll condition
we finally getΦ
The quantum gravity constraint R ≃ 12H 2 ≪ 1/(2κ 2 ) implies
We now need to cross check the various constraints (13, 15) . As λ < 1, we have the stronger constraint Φ 6 ≫ 32/(w 2 κ 4 λ). Combining this with (17), we have w/κ ≫ 10 × λ 1/6 or, by considering that λ ≥ .11 [15] , w/κ ≫ 7 .
The number of e-folds during Inflation are N =
Φ f
Φi H/ΦdΦ, where i and f stands for the initial and final value of the Inflaton during Inflation. By using (14, 16) and taking Φ f ∼ 0, we obtain: w/κ ≃ 16N 1/2 λ 1/4 r 3 , where r = Φ M /Φ i . Considering the bounds on λ [15] and N ≃ 60 we get w/κ ∼ 10 2 r 3 . Note that a provoking value w ∼ TeV −1 corresponds to the reasonable ratio r ∼ 10 4 .
CONCLUSIONS
In this paper, we investigated whether the tree-level modification of Einstein gravity via a non-minimal coupling of the Standard Model Higgs field to gravity, can produce a successful slow rolling inflationary background, without violating unitarity bounds. We found a positive answer to this question. If the kinetic term of the Higgs is indeed non-minimally coupled to the Einstein tensor, slow roll Inflation is obtained without exceeding the unitarity bound of the theory. Moreover, we showed that the particular non-minimal coupling postulated here is unique in the the sense that does not propagate more degrees of freedom than General Relativity minimally coupled to a scalar field.
The early time cosmology ends when, by reheating of the Universe, the Higgs settle to its Standard Model vev v. In this regime, thanks to the derivative coupling, General Relativity is fully recovered.
An important issue concerns the radiative corrections to our model. Taking aside the non-renormalizable character of gravity, there are two types of corrections, those of gravitational in origin and those due to the Standard Model fields. Athough a detailed analysis of this has been postponed for future work, by power counting arguments, gravitational corrections should be controlled by V (Φ)/(M 2 Λ 2 ), where V is the Higgs potential during inflation. These gravitational corrections are therefore subleading, thanks to the unitarity constraint H ≪ Λ. Standard Model fields would instead introduce logharitmic corrections to the Higgs potential which do not spoil the flatness of the Higgs tree-level potential [19] . 
